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Abstract
This work describes a tool chain structured and synchronised in the actual development process of environment friendly heat
pump tumble dryers for a sustainable model-based systems engineering. The challenge, the beneﬁt and the success of a hardware-
in-the-loop (HiL) test bench is presented as an example to demonstrate the sustainability of the tool chain.
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1. Introduction
The Miele company focuses on manufacturing domestic appliances for kitchen, laundry-care and for ﬂoor-care, as
well as machines for use in commercial operations and medical facilities. This work shows the company’s experience
using advanced product development methods for the laundry-care products.
In the ﬁrst steps during the development of innovative laundry dryers there is a variety of possible designs that might
fulﬁll the product targets. The use of advanced product development methods as model-based systems engineering
and the V-model [8] is strongly recommended in order to arrive at a sustainable decision regarding the best product
concept in cooperation with partners.
In the last years the household laundry drying technology has changed dramatically. The product complexity has
increased rapidly from vented dryer through to condenser dryer. The last using electrical heater or more recently a heat
pump. The design of heat pump laundry dryers requires the knowledge of diﬀerent disciplines such as refrigeration,
process and control engineering. A reasonable way to bring these disciplines together and optimize the development
process is by means of the multi-physics modelling of the product at an early stage of development. The approach
described in this work uses an object-oriented multi-physics model library of the heat pump dryer to describe the
laundry, the refrigeration and air cycle, see [5,6]. The transient model has also a simpliﬁed model of the controller.
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In this tool chain proposal, the mechanical design of the newly developed heat pump dryer is ﬁnished when the
multi-physics modelling is ended. The synergy and knowledge gained in this development stage should be trans-
ported within the development process for design of the electronic components. There are nowadays several methods
that use models for the design of electronics. These methods might be structured in a V-Model for development of
mechatronic systems. However, the success of using these methods depends strongly on their integration into the
product development process of each company. In this work, we propose a unique tool chain to use the methods of
mechatronic product development coupled to the well established actual development process of heat pump laundry
dryers.
2. Tool chain overview
Fig. 1 gives an overview of the tool chain proposed for the development of new tumble dryers. The product devel-
opment ﬂow from the marketing requirements until the series production is represented by the arrows on the top of
Fig. 1. The mechanical domain (laundry dryer development) is represented on the left side while the electronic do-
main (electronics development) is shown on the right side of the picture. The techniques of model-based development
(HiL, model-in-the-loop/MiL, rapid control prototyping/RCP) are included in the appropriate stage of the product
development.
Fig. 1. A tool chain for the model-based development of heat pump dryers.
In the mechanical domain it has been observed that the use of a multi-physics modelling language (e.g. Modelica R©
/Dymola R© 1) and an object-oriented component library provides more ﬂexibility regarding parametric and system
structure change as well as faster results at an early stage of product development. These tools seem to be near to the
reality and academic background of the engineers in this domain. This might be used to deliver feasibility and risk
information of the heat pump dryer in an early stage of the product development.
1 Modelica R© is a registered trademark of the Modelica Association. Dymola R© is a registered trademark of Dassault Syste`mes
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The development tools become more signal oriented (e.g. Matlab R©/Simulink R©2) when moving towards the elec-
tronic domain and thus approaching the laundry dryers series stage. The requirements for the physical model of the
product also changes. In order to keep the tool chain sustainable, this work proposes to use the same base model
across the product development. The base model of the laundry dryer and challenges by using it from the mechanical
concept stage through to the testing of control strategy and electronics (MiL,HiL) is shortly introduced in Section 2.1.
2.1. Heat pump dryer physical model
An important characteristic of the heat pump dryer physical model is that it should be built from components of a
standard library of thermal systems. This concentrates the know-how of component experts and speeds up the eval-
uation of diﬀerent concepts according to requirements of the marketing department. There are several commercial
libraries for thermal systems, see [3,7]. This tool chain uses the library for thermal systems TIL [7]. Fig. 2 shows the
base model used in the development of a new generation of heat pump dryers. The actuators and sensors are shown
in Fig. 2 a) and the components of a heat pump dryer are shown in Fig. 2 b). All developers’ component mechanical
expertise is concentrated in these sub-models. For example, at the beginning of development, the compressor knowl-
edge is decisive regarding the performance of the new product. Mainly, the compressor is described by the three main
thermodynamic eﬃciencies, see Eqs. 1.
ηis =
h∗d−hs
hd−hs Isentropic eﬃciency
ηis e f f =
m˙e f f ·(hd−hs)
Pe f f
Eﬀective isentropic eﬃciency
λ =
m˙e f f
ρs·n·V Volumetric eﬃciency
(1)
Where hd and h∗d are speciﬁc discharge enthalpy and isentropic speciﬁc discharge enthalpy, respectively. The suction
speciﬁc enthalpy is hs and the suction refrigerant density is represented by ρs. The compressor power consumption
is Pe f f . The compressor rotary volume and speed are represented by V and n, respectively. These eﬃciencies are
delivered for model calibration by an in-house calorimetric test bench in agreement with the engineer responsible for
the testing of the compressors. By referencing the database of compressor calorimetric measurements, the system en-
gineer is now able to use a model and investigate if new product requirements are achievable with known components.
Fig. 2. (a) system view of the base model with inputs (mostly actuators) and outputs (mostly sensors); (b) component view of the base model.
One model requirement agreed between system engineers in the mechanical domain is to keep the signal values in
their physical units (mostly SI, see Fig. 2 a.). The values are then converted in control signals according to sensor and
actuators characteristic curves in the model exchange stage (ME, see Fig. 1).
2 Matlab R©/Simulink R© are registered trademarks of The MathWorks Inc.
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In principle, the heat pump dryer model might be mathematically described as a system of diﬀerential algebraic
equations.
x˙ = F(x, z, u, p, t)
0 = G(x, z, u, p, t)
(2)
The vectors x and z contain diﬀerential and algebraic variables, respectively. The actuator signals (e.g. cooling fan and
compressor speed) are represented by the vector u. The time t independent model parameters (e.g. dry laundry mass,
heat exchanger tube diameters) are represented by the vector p. The knowledge of this mathematical representation is
enough during the design of the products. Model development environment such as Dymola R© already oﬀers numerical
methods for solving the Eqs. 2. The product developer does not have to deal with numerical solvers. However, moving
toward the electronic domain, a new requirement is set to the base model. In order to test control units of the dryers
(HiL), the base model has to be real-time. There is a vast range of deﬁnitions and requirements for real-time systems,
see for example [10]. To contain the scope of this work, the real-time requirements of the dryer model for our purpose
might be stated as follows:
• The resulting system of equations of the dryer model should be solvable by an explicit ﬁxed step integration
method, e.g. Euler method. This assures synchronization with the dryer control unit.
• All computed sensor signals need to be available in a clock time less or equal than 0.01 s.
In order to prove the above mentioned real-time requirements, the state space form description of the system seems to
be more adequate, see Eqs. 3.
x˙ = Ax + Bu
y = Cx + Du
(3)
Where y is the vector of system output variables. The vectors x and u are the state variables and input values,
respectively. The matrices A, B, C and D represent the model data for the state space representation, see [1]. The
Modelica R© linear control system library [1] enables a linearisation of the system of equation around the initial values.
Using this tool, it is possible to identify modelling elements causing system stiﬀness and thus diﬃculties in solving
the base model with a ﬁxed step integration method.
Fig. 3 a) shows the stability region of the Euler integration method {z ∈ C : |1 + z| < 1}, and the eigenvalues
of the original heat pump dryer linearised model around the initial state. After simpliﬁcation it is observed that the
eigenvalues of the resulting system matrix remain in the stable area of the integration solver (Fig. 3 b).
Fig. 3. (a) plot of the eigenvalues of the tumble dryer model; (b) plot of the eigenvalues of the tumble dryer model after model simpliﬁcations for
use in further development stages (MiL and HiL).
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The main simpliﬁcation of the model consists in removing air volumes (e.g. air channel between tumble and
evaporator) in the air loop, using an eﬃciency based model of the compressor and ignore pressure drops in the heat
exchanger models.
The veriﬁcation of the sensor signals with measurement data of the prototype (see Prototype Fig. 1) is again
conducted after the simpliﬁcation of the model. By way of an example Fig. 4 a) shows the refrigerant temperature at
the compressor outlet pipe during a drying cycle. This sensor value is important for the control of the sub-cooler fan
(Fig. 2 b). Another important sensor value for the drying cycle is the air temperature at the tumble outlet, see Fig. 4
b). This signal is mainly used to compute the laundry moisture and assure a lower laundry temperature at the end of
the drying cycle. Both sensor values show a good agreement with the measurement data even with a simpliﬁed model.
Fig. 4. Sensor values are veriﬁed with mesurement data before realising the model for application in a hardware-in-the-loop test bench. a) sensor
values of the compressor refrigerant outlet temperature. b) sensor values of air temperature at the tumble outlet.
2.2. Model exchange
After calibration, the physical model has to be integrated in a signal oriented environment, e.g Matlab R©/Simu-
link R©. This stage is called model exchange (ME) in the tool chain shown in Fig. 1. Fig. 5 shows the signal
oriented model used for further stages in the model-based development process. The actuator characteristic curves
(e.g. sub-cooler fan voltage) are implemented in the left block. The tumble dryer model from the mechanical domain is
integrated in the middle block. The sensor characteristic curves (e.g. temperature dependent resistances of temperature
sensors) are implemented in the right block of the model.
Fig. 5. Signal oriented model of the heat pump dryer with characteristic curves of actuators and sensors. The model is imported from the mechanical
domain to be used in further developement stages.
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The approach in this work uses S-functions via the DS-Block from Dymola R©. Recently, there is a standard way
to exchange simulation models within the model-based development process. For example, the Functional Mock-Up
Interface (FMI, see [2]) initiative standardizes the exchange of models by ﬁxing model system representation and
variables information ﬂux. The standard model information is compressed in the Functional Mock-Up Unit (FMU)
which contains a dll of the model and a xml ﬁle with variable description. The last release of the standard was in 2014
and it is in a ﬁnal development stage. There are already eﬀorts to upgrade the proposed tool chain to be compatible
with the FMI standard.
2.3. Interface tool
This part of the tool chain is responsible for the connection of the developed models of the newly developed heat
pump dryer with the real controller hardware via diﬀerent types of interface hardware (e.g. relays and I/O cards) in
a HiL application. Fig. 6 a) shows the model interfaces after import into the interface tool (the connection between
simulation model and the control unit is detailed in Fig. 7). The actuator signal sub-cooler fan voltage during a control
unit test is shown exemplary Fig. 6 b).
Fig. 6. After design freeze and model validation, the new product model is imported into an interface tool a) Inports and Outports available for
connecting with the control units. b) plot of the sub-cooler fan voltage during a test of the dryer control unit.
The common devices for the heat pump dryer application are relays card and cascade resistance boxes for gener-
ating the temperature sensor and laundry moisture signals to the dryer control unit. At this development stage, the
mechanical design is frozen and some drying process parameters are ﬁxed as for example the maximal compressor
refrigerant outlet temperature for sub-cooler fan control.
An important requirement for the interface tool is the ability to exchange data with the already existing measure-
ment system. This simpliﬁes the control unit test automation and the integration in the product development process.
The software used in the tool chain is Veristand R©3. An add-on for Veristand R© to import FMUs is already available.
This can simplify for example the ME step in the tool chain of Fig. 1 by reducing the number of software involved
in the process. However, the conversion of the SI-Units of the heat pump dryer model to sensor signals needs to be
conducted already in the modelling language of the mechanical domain.
3. Application in a hardware-in-the-loop test bench
The test bench for testing dryer control units is shown in Fig. 7. The test bench is divided in four levels from the
top to the bottom. The ﬁrst level is the visualisation of some important sensor signals. The dryer control unit is placed
3 Veristand R© is a registered trademark of National Instruments Corporation.
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in the second level and coupled via an interface tool (Section 2.3) to the third level. The third level has the I/O cards.
The fourth level is the PC-host with the dryer physical model from Section 2.1 compiled in a dynamic link library (dll)
and coupled to the I/O cards via the interface tool. Fig. 7 b) shows the cards used to connect the dryer control unit
and heat pump dryer model. The host PC delivers the simulated resistance values of both the dryer sensors and the
humid laundry. These values are converted in real resistances which are measured by the control unit. The sub-cooler
is controlled depending on the compressor refrigerant outlet temperature. Actuators as condensate pump, compressor
and tumble motor are coupled to the model and control unit via digital I/O cards.
Fig. 7. a) HiL test bench for testing dryer control units. b) sensor and actuator signal ﬂow. The resistance cascade device picture is from [9] and
the cards and cards chassis pictures are from [4].
4. Conclusion and outlook
A tool chain for the model-based development of new heat pump tumble dryers is proposed which considers
the product development from the concept stage through to the product release. The tool chain is synchronised
with the well established existing product development process. One of the main advantages of the proposal is to
use the same dryer model from the mechanical domain until the electronic domain. This reduces immensely the
modelling eﬀorts in the development chain. A hardware-in-the-loop test bench for the automated test of control
units is successfully implemented. Simpliﬁed tests of the tool chain show the possibility to use the model also for
control strategy development (model-in-the-loop). To complete the tool chain for the model-based development of
heat pump dryers, it is necessary to implement the model of the control unit or parts of it in order to synchronize the
model-in-the-loop (MiL) and Rapid Control Prototyping (RCP) steps with the actual development process.
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